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BMP best management practice
Municipalities in Johnson County in northeastern Kansas are required to implement stormwater management programs to reduce pollutant discharges, protect water quality, and comply with applicable water-quality regulations in accordance with National Pollutant Discharge Elimination System permits for stormwater discharge. To this end, municipalities collect grab samples at streams entering and leaving their jurisdiction to determine levels of excessive nutrients, sediment, and fecal bacteria to characterize pollutants and understand the factors affecting them.
In 2014, the U.S. Geological Survey and the Johnson County Stormwater Management Program, with input from the Kansas Department of Health and Environment, initiated a 5-year monitoring program to satisfy minimum sampling requirements for each municipality as described by new stormwater permits issued to Johnson County municipalities. The purpose of this report is to provide a preliminary assessment of the monitoring program. The monitoring program is described, a preliminary assessment of the monitoring program design is provided using water-quality data collected during the first 2 years of the program, and the ability of the current monitoring network and sampling plan to provide data sufficient to quantify improvements in water quality resulting from implemented and planned best management practices is evaluated. The information in this initial report may be used to evaluate changes in data collection methods while data collection is still ongoing that may lead to improved data utility.
Discrete water-quality samples were collected at 27 sites and analyzed for nutrients, Escherichia coli (E. coli) bacteria, total suspended solids, and suspended-sediment concentration. In addition, continuous water-quality data (water temperature, pH, dissolved oxygen, specific conductance, turbidity, and nitrate plus nitrite) were collected at one site to characterize variability and provide a basis for comparison to discrete data. Base flow samples indicated that point sources are likely affecting nutrient concentrations and E. coli bacteria densities at several sites. Concentrations of all analytes in storm runoff samples were characterized by substantial variability among sites and samples. About one-half of the sites, representing different watersheds, had storm runoff samples with nitrogen concentrations greater than 10 milligrams per liter. About one-third of the sites, representing different watersheds, had storm runoff samples with total phosphorus concentrations greater than 3 milligrams per liter. Six sites had samples with E. coli densities greater than 100,000 colonies per 100 milliliters of water. Total suspended solids concentrations of about 12,000 milligrams per liter or greater occurred in samples from three sites.
Data collected for this monitoring program may be useful for some general assessment purposes but may also be limited in potential to fully inform stormwater management activities. Valuable attributes of the monitoring program design included incorporating many sites across the county for comparisons among watersheds and municipalities, using fixed-stage samplers to collect multiple samples during single events, collection of base flow samples in addition to storm samples to isolate possible point sources from stormwater sources, and use of continuous monitors to characterize variability. Limiting attributes of the monitoring program design included location of monitoring sites along municipal boundaries to satisfy permit requirements rather than using watershed-based criteria such as locations of tributaries, potential pollutant sources, and implemented management practices. Additional limiting attributes include having a large number of widespread sampling locations, which presented logistical challenges for predicting localized rainfall and collecting and analyzing samples during short timeframes associated with storms, and collecting storm samples at fixedstage elevations only during the rising limb of storms, which does not characterize conditions over the storm hydrograph. The small number of samples collected per site resulted in a sample size too small to be representative of site conditions, including seasonal and hydrologic variability, and insufficient for meaningful statistical analysis or site-specific modeling.
Several measures could be taken to improve data utility and include redesigning the monitoring network according to watershed characteristics, incorporating a nested design in which data are collected at different scales (watershed, subwatershed, and best management practices), increasing sampling frequency, and combining different methods to allow for flexibility to focus on areas and conditions of particular interest. A monitoring design that would facilitate most of these improvements would be to focus efforts on a limited number of watersheds for several years, then cycle to the next set of watersheds for several years, eventually returning to previously monitored watersheds to document changes.
Redesign of the water-quality monitoring program requires considerable effort and commitment from municipalities of Johnson County. However, the long-term benefit likely is a monitoring program that results in improved stream conditions and more effective management practices and efficient expenditure of resources.
Introduction
In response to new stormwater discharge permits issued to municipalities in Johnson County in 2014, the U.S. Geological Survey (USGS) and the Johnson County Stormwater Management Program (JCSMP) developed a program to help municipalities meet water-quality monitoring requirements. Municipal stormwater discharges are regulated by provisions described in the Clean Water Act from 1972 (Public Law 92-500; 86 Stat. 816) to protect the Nation's water resources from harmful pollutants. Kansas municipalities are required to obtain stormwater discharge permits from the Kansas Department of Health and Environment (KDHE) in compliance with the U.S. Environmental Protection Agency's National Pollutant Discharge Elimination System (NPDES; https://www.epa.gov/npdes) to ensure compliance with State and Federal regulations for protecting water quality (Kansas Department of Health and Environment, 2013) . General stormwater permits with similar basic compliance requirements have been issued to municipalities in Johnson County with small municipal separate storm sewer systems (MS4s) (Kansas Department of Health and Environment, 2016b) . In the 2014 revision of the permits, municipalities were required to implement stormwater management programs to reduce discharges of pollutants, protect water quality, and satisfy applicable water-quality regulations. In addition, municipalities are required by their permits to monitor water quality as dictated by KDHE-designated total maximum daily loads (TMDLs). Stormwater discharge permits require municipalities to install pollutant source controls and best management practices (BMPs) and monitor the effectiveness of those efforts in achieving goals for pollution reduction (Kansas Department of Health and Environment, 2016b) .
A TMDL is the maximum amount of a pollutant a waterbody can receive while still meeting water-quality standards (Kansas Department of Health and Environment, 2016a) . States are required by section 303(d) of the Clean Water Act to identify water bodies that are water-quality impaired and the pollutants causing the impairments. TMDLs are developed for each pollutant to determine reduction targets and implementation plans. Water-quality impairments in Johnson County primarily are caused by excessive nutrients, sediment, and fecal bacteria (Kansas Department of Health and Environment, 2012) .
Johnson County in northeastern Kansas is part of the Kansas City metropolitan area ( fig. 1 ). It is largely suburban, with 20 municipalities sharing all or parts of 22 watersheds (HUC-14; Seaber and others, 1987) . Thirteen streams and one lake in the county have designated TMDLs with monitoring requirements (table 1; Kansas Department of Health  and Environment, 2014) . Thus, a coordinated effort among municipalities and Johnson County is a practical approach to meeting compliance requirements. In 2016, Johnson County developed a new strategic plan for stormwater management (Black and Veatch Holding Company, 2016) . Development of the new plan was driven by a shift in the practice of managing stormwater that had been primarily focused on flood control to also include water quality issues, by evolving regulations, and by a trend toward integrated water-resource planning. One outcome of the new strategic direction was a plan for stormwater management to take place on a watershed-level basis with coordination among municipalities.
Monitoring required by stormwater permits is intended to assess improvements in the targeted water body resulting from BMPs implemented under stormwater management programs (Kansas Department of Health and Environment, 2013) . At a minimum, municipalities are required to collect grab samples during the rising stages of four runoff events annually at stream locations entering and leaving their jurisdictional areas. Qualifying runoffs are those that result from at least 0.5 inch of precipitation during a 24-hour period. Urban stream systems and pollutant sources are complex (Paul and Meyer, 2001; Coles and others, 2012) , and water quality can be highly variable and change rapidly during storm runoff. The ability to characterize stormwater quality and effectiveness of BMPs on the basis of such a limited dataset is questionable because the dataset likely is not representative of site variability and conditions, is insufficient for meaningful statistical analysis, and could result in misleading data interpretations by stakeholders and poor information for decision-making related to TMDLs and future BMP effectiveness. Collection of additional waterquality data at selected monitoring sites using more robust sampling program design and methods could enable a better understanding of the limitations of the minimum-required approach. In addition to documenting pollutant occurrence, a successful municipal stormwater monitoring program could provide adequate information to characterize pollutants and understand the factors affecting them so that effective management practices can be implemented.
In 2014, a 5-year monitoring program was initiated by the USGS in cooperation with the JCSMP. The monitoring program was intended to meet new stormwater monitoring requirements for municipalities in Johnson County according to sampling frequency and conditions described in stormwater permits and to evaluate the utility of different types of data in assessing improvements in water quality. Results from the 5-year study are intended for use in the evaluation of water quality relative to TMDL and BMP goals to evaluate comparability of data collected using different methods, qualify interpretation of data on the basis of different collection methods, and modify data collection methods in future monitoring plans.
Purpose and Scope
The purpose of this report is to provide a preliminary assessment of the 5-year TMDL monitoring program implemented by the USGS in cooperation with the JCSMP in Johnson County. The monitoring program is described, a preliminary assessment of the monitoring program design is provided using water-quality data collected from January 2015 through June 2016, and the ability of the current monitoring network and sampling plan to provide data sufficient to quantify improvements in water quality resulting from implemented and planned best management practices is evaluated. Information evaluated for the preliminary assessment will be used to suggest changes in the monitoring program design in order to improve data utility while data collection is still ongoing. Discrete water-quality samples were collected at 27 sites and analyzed for nutrients, Escherichia coli (E. coli) bacteria, total suspended solids, and suspended-sediment concentrations. In addition, continuous water-quality data (water temperature, pH, dissolved oxygen, specific conductance, turbidity, and nitrate plus nitrite) were collected at one site to characterize variability and provide a basis for comparison to discrete data.
Previous Studies
Water quality in Johnson County was evaluated in a number of previous USGS studies ( others, 2005, 2010; Wilkison and others, 2009; others, 2010, 2014; others, 2012, 2014) . Lee and others (2005) described effects of nonpoint and point contaminant sources on streams on the basis of data collected during 2002-04. Results indicated that, during base flow, discharge from wastewater treatment facilities composed more than onehalf of streamflow at sampling sites located downstream from wastewater discharges. In addition, during below-normal and normal streamflows, concentrations of nutrients commonly were an order of magnitude higher at sites located downstream from wastewater discharges compared with sites unaffected by wastewater.
General stream quality was characterized on the basis of the quality of aquatic biological communities from 2002-10 (Rasmussen and others, 2012) . Biological stream quality generally reflected a gradient in urban land use, with the least disturbed streams being in rural areas of the county. Nineteen percent of sites in 2010 were fully supporting of aquatic life, according to the four metrics used by the KDHE to categorize sites. Environmental variables that consistently were highly negatively correlated with stream health were percent impervious area, density of stormwater outfalls adjacent to streams, specific conductance of water, and concentrations of polycyclic aromatic hydrocarbons in streambed sediment. The effects of wastewater on receiving streams had been assessed for the Blue River (Graham and others, 2010) and Indian Creek (Graham and others, 2014) . In both studies, nutrient concentrations downstream from wastewater discharges decreased after upgrades to treatment facilities but were still elevated compared with concentrations upstream from discharges. An evaluation of stream metabolism indicated effects of wastewater did not cause persistent declines in overall stream health.
Discrete and continuous water-quality data were used to develop regression models for computing continuous concentrations and loads of suspended sediment, dissolved solids, major ions, nutrients, and indicator bacteria in five principal streams during 2003-11 (Rasmussen and Gatotho, 2014) . Concentrations of suspended sediment, chloride, and fecal-bacteria indicators generally were higher in urban watersheds than in nonurban watersheds and were substantially higher during periods of increased streamflow than in periods of base flow.
Study Area
Johnson County, part of the Kansas City metropolitan area that shares a State border with Missouri, is an area of 477 square miles (mi 2 ) in northeastern Kansas. Land use ranges from rural in the western part of the county to highly urban in the northeastern part of the county. A water-quality monitoring network consisting of 25 stream sites and 2 lake sites has been deployed across Johnson County ( fig. 1 ; table 2). Network sites were selected to bracket municipal boundaries and use established sampling sites from previous USGS studies for historical context. Site access, conditions, and suitability for sampling also were considered. One site (Indian Creek at Pflumm Road; fig. 1 , site 19) was removed from the network after the first year of data collection when that stream segment was not included in the final TMDL listing as was expected. Two sites (Kill Creek at 151st Street and Quivira Lake near Lake Quivira; fig. 1 , sites 1 and 16) were added after the first year of data collection. All stream sites are located at road or pedestrian bridges.
Methods
The monitoring program was designed by the USGS and the JCSMP with input from the KDHE primarily to satisfy minimum sampling requirements for each municipality as described in stormwater permits. Emphasis for site selection was placed on municipal boundaries because stormwater permits are determined according to municipality and included TMDLs that apply to stream segments within municipal boundaries. Water-quality data, including nutrients, E. coli bacteria, total suspended solids, and suspended-sediment concentration, were collected at all 27 sites in the monitoring network. Discrete samples using passive samplers or grab samples were collected at all sites. USGS protocols and procedures as described in the "National Field Manual for the Collection of Water-Quality Data" (U.S. Geological Survey, variously dated) were followed for cleaning equipment, collecting field measurements and samples, and processing samples.
Some additional data were collected to help describe possible limitations of the primary data required by permits. Method comparison data were collected at the sites at Tomahawk Creek near 111th Street ( A preliminary evaluation of methods comparison data is not included in this report because data collection was not complete and the dataset of the three sites is too small to provide meaningful information.
Annual loads from discrete samples were calculated by multiplying the average concentration by annual mean streamflow during 2015 (calculated from instantaneous streamflow values) and a conversion factor. Loads from continuous data were calculated by summing unit values of instantaneous load (concentration multiplied by streamflow) over the period of interest.
Discrete Data Collection
Discrete water-quality samples were collected using passive, grab, and EWI sampling (U.S. Geological Survey, 2006) . The standard method employed for this study was passive sampling. Passive samplers were installed at stream sites to collect a minimum of four water samples annually from each site during the rising limb of different storms. Nalgene™ storm water samplers ( fig. 2A ) were deployed in mounting tubes attached to a carriage that was equipped with trolley wheels ( fig. 2B ) that allowed the carriage to be lowered down an I-beam extending vertically from the bridge deck to the streambed ( fig. 2C ). The sampler carriage rested at a fixed-stage elevation that became submerged as stream stage increased. The sampler bottles ( fig. 2A ) filled as water flowed through the collection funnel and stopped filling when the floating ball valve blocked the opening and prevented comingling of sample water with ambient water. Three bottles were deployed simultaneously in the carriage ( fig. 2B ) to collect an adequate volume of sample water. Sample bottles were retrieved by raising the carriage back up to the bridge deck ( fig. 2D ). The samplers were set at elevations expected to capture runoff from 24-hour rainfalls resulting in at least 0.5 inches of precipitation. Appropriate elevations were determined by evaluating historic rainfall and streamflow data from StormWatch (Overland Park, 2017) and nearby existing USGS streamgages ( fig. 1 ). Fixed markers were placed at each site to ensure consistent sampler elevation deployment. By deploying passive samplers at specified stream stages, samples were reliably collected on the rising limb and during similar streamflow conditions. Passive sampler bottles were retrieved and delivered to the laboratory as soon as practicable to ensure preservation or analysis within 24 hours of filling (American Public Health Association and others, 1995).
Grab sampling was also used to collect discrete samples. Grab samples, which are collected by dipping open containers into a stream or lake at a single point and time, often are the primary collection method used in municipal monitoring programs because of the relative ease and low cost of collection.
Grab samples were collected during base flow sampling to capture rising limbs during runoffs and for additional data collection comparisons at selected sites. To document water quality during base flow conditions, sampling at all sites was surveyed annually (in 2015 and 2016) in March. The data from the annual surveys will help determine baseline constituent concentrations to distinguish between base flow and storm conditions. In addition to discrete grab samples collected during storms, grab samples were collected at Olathe Lake ( fig. 1 , site 4) and Quivira Lake ( fig. 1, site 16 ) 10 to 14 days after a qualifying rainfall. Only one lake sample was collected per event.
Lastly, EWI collection methods (U.S. Geological Survey, 2006) were used at selected sites to collect discrete data samples. EWI collection provides isokinetic samples that are representative of the entire stream cross section. For this study, others, 2008, and Gatotho, 2014) for computing constituents of interest in real time using continuously monitored data. Only samples collected using EWI methods will be used to develop models. Samples collected for the purpose of method comparison, both grab and EWI, were collected as near in time as possible (within 15 minutes) to the samples collected with passive samplers. Targeted analytes for all sites were nutrients (dissolved phosphorus, total phosphorus, orthophosphate, nitrate plus nitrite, nitrite, ammonia, and ammonia plus organic nitrogen), E. coli bacteria, and total suspended solids because they commonly were included in the 303(d) list of pollutants causing waterbodies to become impaired in Johnson County (Kansas Department of Health and Environment, 2012) and require monitoring according to permits. Suspended-sediment concentrations were added to the analysis because they are generally considered to be more reliable than total suspended solids for quantifying solids in natural water (Gray and others, 2000) . Although all sites were not listed as impaired for all of these analytes (table 1) , all the analytes were routinely included for all sites to provide a more complete and consistent evaluation of pollutant occurrence and to simplify sampling methods. Chlorophyll α and pheophytin α samples were collected at Olathe Lake and Quivira Lake because that was an additional permit requirement for lake sites.
Analyses of concentrations of nutrients and E. coli were conducted by the Johnson County Environmental Laboratory in Olathe, Kans., in accordance with standard methods (American Public Health Association and others, 1995). E. coli concentrations were analyzed using Idexx Laboratories Inc. Colilert enzyme substrate most probable number methods. Nutrient analyses also were completed by the USGS National Water Quality Laboratory (NWQL) in Lakewood, Colorado, according to standard methods (American Public Health Association and others, 1995; Fishman and Friedman, 1989; Truitt, 1992, 2000; Fishman, 1993; Patton and Kryskalla, 2011) . For samples that had nutrients analyzed by the NWQL, E. coli concentrations were analyzed by the USGS Kansas Water Science Center in Lawrence, Kans., using membrane filtration according to methods described in Myers and others (2014) . Suspended-sediment samples were analyzed by the USGS Iowa Sediment Laboratory in Iowa City, Iowa, in accordance with Guy (1969) . Chlorophyll α and pheophytin α samples collected from Olathe Lake and Quivira Lake were analyzed by the NWQL according to methods in Arar and Collins (1997) . Data were routinely compiled and reviewed and periodically evaluated in accordance with USGS Kansas Water Science Center procedures (Rasmussen and others, 2014) . Data were entered in the USGS National Water Information System database (U.S. Geological Survey, 2016b).
Continuous Water-Quality Monitoring
A continuous, real-time water-quality monitor and a nitrate monitor were deployed at Mill Creek at Johnson Drive in Shawnee, Kans. (figs. 1 and 2D; table 2), which was an existing streamgage and former monitoring site, to evaluate water-quality variability and pollutant loading. Continuous, real-time monitors provide water-quality information during storm runoff when conditions are changing rapidly. Surrogate models that define relations between in-place monitoring data and laboratory-analyzed data make it possible to provide continuous real-time computations for particular constituents of concern. The water-quality monitor was installed in October 2014, and the nitrate monitor was installed in November 2014. The water-quality monitor is a YSI Inc. EXO2 multiparameter sonde that measures water temperature, pH, dissolved oxygen, specific conductance, and turbidity ( fig. 2E ; YSI Inc., 2014). The nitrate monitor is a Hach Co. Nitratax nitrate sensor ( fig. 2F ) that measures nitrate plus nitrite. Nitrite is generally considered negligible in most surface waters (Pellerin and others, 2013) and in Johnson County streams (Rasmussen and others, 2012) , so the Nitratax primarily measured nitrate. Measurements were recorded every 15 minutes and transmitted hourly.
Each monitor was operated in accordance with standard USGS procedures (Wagner and others, 2006; Pellerin and others, 2013; Bennett and others, 2014) . Data from the Nitratax sensor and other continuous water-quality-monitor data are available in near real-time at U.S. Geological Survey (2016a Survey ( , 2016b .
Streamflow Measurement
Streamflow data corresponding with each sample originated from several sources. Within the monitoring network established for this phase of the study, five sites ( fig. 1; table 2 ) have preexisting USGS streamgages: Big Bull Creek near Edgerton (bridge on Interstate I-35; site 7), Blue River near Stanley (bridge on U.S. Route 69; site 27), Camp Creek at 95th Street near DeSoto (site 3), Kill Creek at 95th Street near DeSoto (site 2), and Mill Creek at Johnson Drive in Shawnee (site 15). These USGS streamgages collect data at 15-minute intervals and transmit data hourly. Real-time data are available at U.S. Geological Survey (2016a) . Streamgage sites were maintained and operated according to USGS methods in Turnipseed and Sauer (2010) and Painter and Loving (2015) . StormWatch is a countywide flood warning system operated and maintained by the City of Overland Park. StormWatch streamgages transmit data twice daily, unless there is a minimum of 0.2-foot change in stage, at which point transmission frequency increases to transmit with every 0.2-foot change. Existing discharge ratings at these sites that are available from some municipalities are being evaluated to determine whether they are still valid in accordance with Bailey and Ray (1967) and may be used to determine streamflow for samples collected at these sites. For all other sites, indirect ratings have not been developed for this report; the next phase of the project includes developing indirect ratings or determining other methods to determine streamflow.
Quality Assurance and Quality Control
Quality assurance and quality control measures consistent with USGS policies and USGS Kansas Water Science Center quality assurance plans were followed (U.S. Geological Survey, 2006; Rasmussen and others, 2014 The NELAC Institute (2016) and has produced consistent results of known quality for previous studies.
Quality control samples, including replicates and blanks, were collected and analyzed to identify and document possible sample contamination or bias and variability in sampling methods. A minimum of 10 percent of the total number of environmental samples were collected as replicate samples. Concurrent and sequential replicate samples also were used in this study to compare sampling methods (table 3) . From January 2015 through June 2016, a total of 28 replicate pairs were analyzed for nutrients, 27 replicate sample pairs were analyzed for total suspended solids, 24 replicate pairs were analyzed for suspended-sediment concentration, and 23 replicate pairs were analyzed for E. coli bacteria. The relative percent difference, which was calculated by dividing the difference between replicate pairs by the mean of the two values and multiplying that value by 100, was used to evaluate differences between replicate samples. One-half the detection limit was used to compute the relative percent difference for the small number (less than 1 percent) of replicate pair differences that included nondetection levels. The median relative percent difference for replicate samples was less than 10 percent, except for suspended-sediment concentration, which was 13.4 percent. The single largest relative percent difference among replicate samples was 76.5 percent for total suspended solids. Relative percent differences were within acceptable limits for all constituents, particularly considering this dataset includes some replicate samples collected using different field methods that were expected to produce more variable results.
Results From Preliminary Assessment
Because data collection has only been completed for 2 of the 5 years planned, discussion of specific data results is limited to a general discussion of total nitrogen, total phosphorus, E. coli bacteria, and total suspended solids for the purpose of illustrating general utility of the data for identifying pollutant sources and documenting effectiveness of and trends and improvements in management practices. Base flow and stormwater runoff data are provided in King and others (2017) , which lists data for all samples collected, including some samples that did not meet minimum rainfall criteria described in stormwater permits.
Base Flow Sample Data
Base flow samples were collected from all sites in March 2015 and 2016 to compare with samples collected during storm runoff and identify sites where point sources may also be contributing to pollutant concentrations during storm runoff. Base flow data from site 1 on Kill Creek and sites 9 and 10 on Mill Creek had total nitrogen concentrations greater than 3 milligrams per liter (mg/L) in at least one of the two base flow samples ( fig. 3 ) and total phosphorus concentrations greater than 1 mg/L in at least one of the two base flow samples ( fig. 4) , indicating that point sources are likely affecting nutrient concentrations. Wastewater treatment facilities are located upstream from these sites and are the most likely point sources affecting nutrients (Lee and others, 2005) . Total nitrogen concentration in base flow samples from the upstream Mill Creek sites (site 9, Mill Creek near 114th Street, and site 10, Mill Creek at 85th Street) was greater in several storm samples ( fig. 3 ) from the same sites and most storm samples from other sites. In addition, total nitrogen during base flow in 2016 at the upstream Kill Creek site (site 1, Kill Creek at 151st Street) had the second-highest concentration of all samples collected. Base flow total nitrogen concentrations at site 2 (Kill Creek at 95th Street), located downstream from site 1, and at site 15 (Mill Creek at Johnson Drive), located downstream from sites 9 and 10, were slightly higher than most other sites in Johnson County and are the only other sites located downstream from municipal wastewater treatment discharge.
Base flow total phosphorus concentrations also were larger than several storm runoff concentrations at the same These examples illustrate the value of the base flow data for distinguishing some point source pollutants from pollutants carried by storm runoff and determining relative contributions from each. However, one base flow sample annually is a limited dataset; data interpretation could become more meaningful with additional samples to identify patterns and outliers.
Stormwater Sample Data
Nutrient concentrations in all stormwater runoff samples collected from January 2015 through June 2016 were characterized by substantial variability among sites and samples (figs. 3 and 4). The highest total nitrogen concentrations in stormwater runoff (about 18 mg/L) occurred at site 9 (Mill Creek near 114th Street; fig. 3 ). About one-half of the sites, representing different watersheds, had stormwater samples with nitrogen concentrations greater than 10 mg/L (fig. 3) . The highest total phosphorus concentration (about 7.6 mg/L) was from site 24 (Coffee Creek at Pflumm Road; fig. 4 ). About one-third of the sites, representing different watersheds, had total phosphorus concentrations greater than 3 mg/L (fig. 4) . E. coli densities in stormwater runoff samples typically ranged from about 1,000 to 100,000 col/100 mL at most sites ( fig. 5 ). Sites 9, 12, 17, 18, 20 , and 24, representing Coffee, Mill, Turkey, and Tomahawk Creeks, had E. coli densities greater than 100,000 col/100 mL ( fig. 5 ). The highest total suspended solids concentrations of about 12,000 mg/L or more occurred in Clear Creek (site 11), Coffee Creek (site 24), and Tomahawk Creek (site 21). As more data are collected, statistical tools such as interquartile ranges (Helsel and Hirsch, 2002 ) may be useful for evaluating patterns in stormwater runoff samples, identifying samples and sites of concern, and establishing pollutant reduction goals. In addition, comparisons of concomitant streamflows for all samples would be more meaningful.
Continuous Water-Quality Data
Continuous measurements of nitrate plus nitrite indicated fluctuations from 0.1 to 9.7 mg/L, a mean value of 1.5 mg/L, and median value of 1.3 mg/L from January 2015 through June 2016 ( fig. 7; table 4 ). The range in concentrations from 18 discrete samples was 0.24 to 6.24 mg/L, with a mean value Geological Survey (2016a,b) , excluding replicates (the dataset used for the analysis is replicated in King and others, 2017) . In June 2016, nitrate plus nitrite ranged from 0.55 to 9.5 mg/L in a less-than-24-hour period, demonstrating rapid change that is difficult to document using discrete sampling approaches. The range in concentrations for discrete samples in 2015 (0.43 to 1.89 mg/L; U.S. Geological Survey, 2016a,b) was much smaller than the range in continuous data (0.2 to 6.6 mg/L) during the same period. Annual nitrate plus nitrite load for 2015 calculated from discrete samples was 89 (short) tons, which is nearly the same as the annual load of 87 (short) tons calculated using continuous data. Surrogate models to be developed after additional data are collected are expected to help document variability for additional nutrient constituents, total suspended solids, suspended sediment, and E. coli bacteria.
Evaluation of Data Utility
Based on a preliminary assessment of data collection to date and from previous USGS studies, the sample data being collected for the 5-year monitoring program as currently designed are useful for some general assessment purposes but are limited in potential to fully inform stormwater management activities. The complexities of urban pollutant sources and altered hydrology make characterization of urban water quality especially challenging. Understanding the utility of the data being collected as part of this monitoring program is important for understanding how the data will be used, limitations of the data collection approach, reasonable expectations for decision making, and potential for making improvements in future monitoring efforts. Table 5 summarizes valuable and limiting attributes of the initial design phase of the monitoring program and possible approaches for making improvements.
The primary objective of the initial phase of the monitoring program is to meet monitoring requirements as described by municipal stormwater permits, primarily, collection of four storm runoff samples annually during the rising limb of qualifying rainfalls. Several attributes of the monitoring program are valuable for achieving this objective and have additional benefits (table 5) . By locating monitoring sites at or near jurisdictional boundaries, data were collected from many sites representing different watersheds throughout the county. This approach provides a countywide perspective of water quality, helps identify sites with recurring elevated concentrations, and allows for some general speculation about sources. Data from multiple watersheds allow for comparisons across watersheds and facilitate a consistent monitoring approach among municipalities without unnecessary duplication of effort. Fixed-stage samplers facilitate collection of storm samples from many sites across the county during the same runoffs (many of which occurred during the night when other sampling methods are problematic) and allow comparisons during comparable streamflow conditions. Two data collection components were included in the monitoring program that were not required by permits. Base flow samples help to distinguish sites with point sources that may also be contributing pollutants to storm runoff. Regression models using continuous water-quality data characterize variability in concentrations, loads, and hydrology. The value of this approach has been demonstrated in previous studies of Johnson County streams. For example, Rasmussen and others (2008) used continuous, computed suspended-sediment concentrations to show that at least 90 percent of the total annual sediment load during 2005-06 in five primary watersheds occurred in less than 2 percent of the time, generally during periods of high stormwater runoff.
Although the existing monitoring program generally meets permit requirements, there are several limitations to the design (table 5).
• Stormwater discharge permits require municipalities to control pollutant sources and install BMPs and to monitor the effectiveness of those efforts in achieving goals for pollution reduction (Kansas Department of Health and Environment, 2016b). Locating sampling sites along jurisdictional boundaries instead of using watershed criteria resulted in several sites that were not suitable or of strategic value for identifying sources or evaluating BMPs. For example, sites 1 and 2 on Kill Creek are located on the municipal boundaries of Gardner, unincorporated Johnson County, and DeSoto, but no sites are located on the larger tributaries of • Having a large number of widespread sampling locations presents logistical challenges for predicting localized rainfall, collecting samples, and analyzing samples during short timeframes associated with storm events.
• Collection of all or the majority of storm samples with water samplers at fixed-stage elevations only during the rising limb of storm events does not characterize conditions over the storm hydrograph. Previous water-quality studies in Johnson County have shown that peaks in pollutant concentrations are not always coincident with streamflow and can occur prior to or following streamflow peaks (Lee and others, 2008; Rasmussen and Gatotho, 2014 ).
• The small sample size per site is a limitation. Previous studies in Johnson County (for example, Rasmussen and Gatotho, 2014) show that collection of only four samples per site annually, the minimum number required by stormwater permits, results in a sample size too small to be representative of site conditions and does not encompass seasonal and hydrologic variability. In addition, the number of samples is too small to detect changes over time (U.S. Department of Agriculture, 2003) or to allow correlating changes with implemented BMPs (Betanzo and others, 2015) .
Sampling frequency and duration is affected by study objectives, statistical confidence needed to achieve those objectives, data variability, and the complexity of the aquatic system being studied (U.S. Department of Agriculture, 2003) . For example, using a random sampling design, an estimated 70 samples are needed to estimate the mean for a stream's water quality constituent within 20 percent of the true mean. Daily or weekly sampling is usually necessary to document effectiveness of a single BMP (Dressing and others, 2016) . A case study evaluating monitoring design for determining effectiveness of management practices in reducing nutrient tributary loads to Lake Erie found that total phosphorus in a watershed must be reduced by 40 percent for a monthly sampling program to detect change with statistical significance within 10 years (Betanzo and others, 2015) .
Several measures could be taken to improve data utility (table 5) . To be successful, in addition to meeting permit monitoring requirements, effective municipal stormwater monitoring programs establish objectives for providing reliable information to identify pollutant sources; characterizing occurrence of pollutants and factors affecting sources of water; documenting compliance with water-quality standards; informing municipal engineers of design, selection, and location of source controls and BMPs; monitoring changes over time; and assessing factors such as BMPs affecting those changes. Redesigning the monitoring network based on watershed characteristics such as tributary locations, land use, and BMP placement (Dressing and others, 2016) rather than jurisdictional boundaries could increase efficiency by increasing the likelihood of identifying and characterizing sources and BMP effectiveness. A commitment to long-term monitoring at some sites within the network is important because it allows trend analysis, incorporates hydrologic variability, and allows time (sometimes as much as years) for water quality to respond to implemented BMPs (U.S. Department of Agriculture, 2003) . Another necessity for evaluating BMPs is maintaining complete and long-term documentation of BMP activity that can be tied to water quality. In addition, collecting samples at a higher frequency will better characterize variability and enable more meaningful comparisons among sites, results of statistical tests with higher confidence levels, more accurate estimation of loads, and improved documentation of changes over time. 
Attribute Explanation
Valuable attributes
Storm samples from many sites located across the county Data from multiple watersheds provide countywide perspective and allows comparison across the county.
Identifies sites with recurring elevated concentrations.
Data from multiple sites within watershed allows some speculation about sources.
Consistent approach without unnecessary duplication of effort among municipalities.
Fixed-stage samplers Facilitates sampling at multiple sites during single event and allows data comparison during comparable streamflow conditions.
Base-flow samples Identifies sites with point pollutant sources as distinguished from stormwater (nonpoint) sources.
Continuous water-quality data and models Best method for characterizing variability in concentrations, loads, and hydrology.
Limiting attributes
Monitoring sites located along jurisdictional boundaries Some locations are not suitable or of strategic value for addressing questions on sources and BMP effectiveness.
Storm samples from many sites located across the county Presents logistical challenges for collection and analysis of large number of samples in short time frames associated with storm events.
Fixed-stage samplers Does not characterize conditions over storm hydrograph.
Four storm samples annually Number of samples is too small to be representative of site conditions; does not describe seasonal and hydrologic variability.
Sample set too small to detect changes over time.
Not likely to identify or characterize non-point sources.
Not likely to demonstrate BMP effectiveness.
Possible improvement approaches
Redesign sampling network based on watersheds rather than jurisdictional boundaries
Locate sites to correspond with incoming tributaries, conditions, land use, and BMPs of interest.
Incorporate nested designs (watershed, sub-watershed, and BMP scales) and adjust sampling frequency depending on type of site Monitoring at different scales can better characterize sources. Dynamic and flexible sampling allows for focus on conditions of interest.
Collect a larger number of samples at fewer sites Larger sample size enables more accurate characterization of water quality and trends.
Fewer sites allows for better watershed-wide sampling response and reduces logistical challenges of anticipating localized rainfall and collecting large number of samples from widespread sites.
Install continuous water-quality monitors at more sites Best method for characterizing variability in concentrations, loads, and hydrology.
Incorporate different sampling methods such as nested, Lagrangian,* high-frequency, and source-targeted approaches into sampling design
Variety in data collection methods allows for focus on conditions of particular interest.
Consider alternatives to using qualifying storms for determining suitable storm-sampling conditions Streamflow response may be more suitable under some circumstances for identifying storm-sampling conditions.
A variety of different data collection methods could be incorporated into the monitoring design. A nested design, in which data are collected at different scales (watershed, subwatershed, and BMP) and different frequencies, allows for flexibility to focus on areas and conditions of particular interest or concern. Collecting more samples per site enables more accurate characterization of water quality and trends at specific sites. Lagrangian approaches, in which a parcel of water is sampled as it moves downstream (Moody, 1993) , could be used to locate and evaluate nutrient or E. coli sources. Sourcetargeted approaches allow focus on select conditions and constituents of interest. Periods of high temporal or spatial frequency data collection help describe important factors contributing toward stream impairments such as sources and runoff events. Incorporating more continuous water-quality monitors enables collection of high-frequency data to better characterize variability in concentrations, loads, and hydrology. The 0.5-inch precipitation criterion for qualifying storms is not always the best indicator of adequate runoff for collecting storm samples. Depending on antecedent moisture and rainfall intensity, 0.5 inches of rain can result in small amounts of runoff and minimal changes in streamflow. Conversely, less than 0.5 inches of rainfall can result in substantial runoff and increases in streamflow. Therefore, streamflow response may be more useful for identifying suitable storm sampling conditions at sites where there are no artificial upstream discharges. Potential monitoring designs that incorporate all or most of these suggested improvements could enable focusing resources on a limited number of watersheds for a 2-to 3-year period, then cycling to the next set of watersheds for 2 to 3 years, eventually returning to previously monitored watersheds to document changes.
Redesign of the water-quality monitoring program may require considerable effort and commitment from the municipalities of Johnson County. However, the long-term benefit is likely to be a monitoring program that could result in more effective management practices and efficient expenditure of resources. Improvements would require an increase in the amount of data collected and revisions to monitoring requirements in stormwater permits to ensure monitoring design meets permit requirements. A unique opportunity exists to make these changes because an effort is underway by the county and municipalities to establish a new watershedbased management structure that allows for comprehensive water-quality improvement plans (Black and Veatch Holding Company, 2016) .
Summary and Conclusions
Municipalities in Johnson County in northeastern Kansas are required to implement stormwater management programs to reduce pollutant discharges, protect water quality, and satisfy applicable water-quality regulations in accordance with National Pollutant Discharge Elimination System (NPDES) permits for stormwater discharge. In 2014, a 5-year monitoring program was initiated by the U.S. Geological Survey (USGS) in cooperation with the Johnson County Stormwater Management Program to meet new stormwater monitoring requirements from the Kansas Department of Health and Environment (KDHE) and to evaluate the utility of different types of data in assessing improvements in water quality. The purpose of this report is to provide a preliminary assessment of the monitoring program. The monitoring program is described, a preliminary assessment of the monitoring program design is provided using water-quality data collected during the first 2 years of the program, and the ability of the current monitoring network and sampling plan to provide data sufficient to quantify improvements in water quality resulting from implemented and planned best management practices (BMPs) is evaluated.
Water-quality monitoring requirements and improvement goals are based upon the TMDLs primarily for nutrients, sediment, and fecal bacteria. Twenty municipalities in Johnson County share all or parts of 22 watersheds making a cooperative effort among municipalities the most practical approach to meeting NPDES compliance requirements. At a minimum, municipalities are required by the KDHE to collect grab samples during the rising stages of four runoffs annually at stream locations entering and leaving their jurisdictional areas. The ability to characterize stormwater quality and effectiveness of BMPs on the basis of such a limited dataset is questionable because the dataset likely is not representative of site variability and conditions and is insufficient for meaningful statistical analysis, and the approach could result in misleading data interpretations by stakeholders and poor information for decision-making related to TMDLs and BMP effectiveness.
Data collected in 2015-16 were used to evaluate changes in the design of the monitoring program that would lead to improved data utility while data collection is still ongoing. Discrete water-quality samples were collected at 27 sites and analyzed for nutrients, Escherichia coli (E. coli) bacteria, total suspended solids, and suspended-sediment concentrations. A continuous water-quality monitor was operated at one site and measured water temperature, pH, dissolved oxygen, specific conductance, and turbidity. A second monitor at the same site provided continuous measurements of nitrate plus nitrite.
A monitoring network of 25 stream sites and 2 lake sites was established. Sites were selected to bracket municipal boundaries and use previously established sampling sites for historical context. Emphasis for site selection was placed on municipal boundaries because municipalities are required by their permits to monitor water quality as dictated by the KDHE-designated TMDLs. Discrete samples were collected for analysis of nutrients (dissolved phosphorus, total phosphorus, orthophosphate, nitrate plus nitrite, nitrite, ammonia, and ammonia plus organic nitrogen), E. coli bacteria, total suspended solids, and suspended sediment. In addition, chlorophyll α and pheophytin α samples were collected from the lake sites. A continuous, real-time water-quality monitor and a nitrate monitor were deployed at one site to evaluate water-quality variability and pollutant loading. Continuous, real-time monitors provide the best available water-quality information during storm runoff when conditions are changing rapidly. Surrogate models that define relations between in-place monitoring data and laboratory-analyzed data make it possible to provide continuous real-time computations for particular constituents of concern.
Because data collection is incomplete, data results are limited to total nitrogen, total phosphorus, E. coli bacteria, and total suspended solids for the purpose of evaluating general utility of the data to identify pollutant sources and document improvements, trends, and effectiveness of BMPs. Base flow data from three sites had total nitrogen concentrations greater than 3 milligrams per liter (mg/L) in at least one of the two base flow samples and total phosphorus concentrations greater than 1 mg/L in at least one of the two base flow samples, indicating that point sources are likely affecting nutrient concentrations. Three sites had base flow E. coli densities greater than 1,000 colonies per 100 milliliters (col/100 mL), indicating sources other than stormwater runoff for bacteria. No sites had elevated total suspended solids during base flow.
Nutrient concentrations in all storm runoff samples collected from January 2015 through June 2016 were characterized by substantial variability among sites and samples. About one-half of the sites, representing different watersheds, had stormwater samples with nitrogen concentrations greater than 10 mg/L. About one-third of the sites, representing different watersheds, had total phosphorus concentrations greater than 3 mg/L. Six sites representing Coffee, Mill, Turkey, and Tomahawk Creeks had E. coli densities greater than 100,000 col/100 mL. The largest total suspended solids concentrations of about 12,000 mg/L or greater occurred in Clear, Coffee, and Tomahawk Creeks.
Based on a preliminary assessment of data collection to date and from previous USGS studies, the sample data being collected for the initial design phase of the 5-year monitoring program are useful for some general assessment purposes but are limited in potential to fully inform stormwater management activities. Understanding the utility of the data being collected as part of this monitoring program is important for understanding how the data will be used, limitations of the data collection approach, reasonable expectations for decisionmaking, and options for making improvements in future monitoring efforts.
Several attributes of the monitoring program are valuable for achieving the objective of meeting monitoring requirements as described by stormwater permits and have additional benefits. By locating monitoring sites at or near jurisdictional boundaries, data were collected from many sites representing different watersheds throughout the county providing a countywide perspective of water quality. Data from multiple watersheds allow for comparisons across watersheds and facilitate a consistent monitoring approach among municipalities without unnecessary duplication of effort. Fixed-stage samplers facilitate collection of storm samples from many sites across the county during the same runoffs. Base flow samples help to distinguish sites with point sources that may also be contributing during storm runoff. Regression models using continuous water-quality data characterize variability in concentrations, loads, and hydrology.
Although the existing monitoring program generally meets permit requirements, there are several limitations to the design. Locating sampling sites along jurisdictional boundaries instead of using watershed criteria resulted in several sites not suitable or of strategic value for identifying sources or evaluating BMPs. In addition, having a large number of widespread sampling locations presented logistical challenges for predicting localized rainfall, collecting samples, and analyzing samples during short timeframes associated with storm events. Collection of storm samples at fixed-stage elevations only during the rising limb of storm events did not characterize conditions over the storm hydrograph. Finally, and perhaps most importantly, the small sample size per site resulted in a dataset too small to be representative of site conditions, including seasonal and hydrologic variability, and insufficient for meaningful statistical analysis comparing sites and trends or for site-specific modeling.
Several measures could be taken to improve data utility. Redesigning the monitoring network based on watershed characteristics, such as tributary locations, land use, and BMP placement rather than jurisdictional boundaries, could increase efficiency by increasing the likelihood of identifying and characterizing sources and BMP effectiveness. Also, collecting samples at a higher frequency should help better characterize variability and enable more meaningful comparisons among sites, statistical tests with more confidence, more accurate estimation of loads, and improved documentation of changes over time. A variety of different data collection methods could be incorporated into the monitoring design. A nested design in which data are collected at different scales (watershed, subwatershed, and BMP) could allow for flexibility to focus on areas and conditions of particular interest or concern. Lagrangian approaches could be used to locate and evaluate nutrient or E. coli sources. Use of periods of high temporal or spatial frequency data collection could help describe important factors contributing toward stream impairments, such as sources and storm runoff. Collecting a larger number of samples (perhaps by reducing the number of sites if necessary) would enable more accurate characterization of water quality and trends. Incorporating more continuous water-quality monitoring sites would enable collection of high frequency data to better characterize variability in concentrations, loads, and hydrology. A monitoring design that would facilitate most of these improvements could be to focus efforts on a limited number of watersheds for several years, then cycle to the next set of watersheds for several years, eventually returning to previously monitored watersheds to document changes.
Redesign of the water-quality monitoring program may require considerable effort and commitment from municipalities of Johnson County. However, the long-term benefit likely is a monitoring program that results in more effective management practices and efficient expenditure of resources.
Improvements would require an increase in the amount of data collected and revisions to monitoring requirements in stormwater permits to ensure monitoring design meets permit requirements. A unique opportunity exists to make these changes because an effort is underway by the county and municipalities to establish a new watershed-based management structure that allows for comprehensive water-quality improvement plans.
